Glial cell line-derived neurotrophic factor (GDNF) was initially identified as a neurotrophic factor for dopaminergic neurons but its effects are not restricted to nervous tissue. It is reported that GDNF-induced intercellular signaling is necessary for the normal development of a variety of non-neural tissues. In this study, immunoreactivities of both GDNF and its functional receptor Ret were evaluated in normal adult rat sweat gland by light and electron microscopy. Ret was found in the epithelial cells of the excretory duct and the coiled secretory terminal of the sweat gland. Electron microscopic observation of the secretory epithelium showed that Ret immunoreactivity is localized in the basal area of the secretory cells, facing myoepithelial cells, but it was not observed in the basal infolding or in the apical region of these cells. On the other hand, GDNF was observed in most myoepithelial cells of the coiled secretory portion of the sweat gland and in a small number of nerve fibers innervating the gland. Although the GDNF-containing nerve fibers cannot be negated as a source of the ligand for Ret in the secretory cells, the finding that GDNF and Ret are localized face to face in adjoining cells in the sweat gland implies another novel trophic role of GDNF in this tissue.
INTRODUCTION
The secretory portion of the rat eccrine sweat gland is composed of a lining of a single type of simple cuboidal secretory epithelium with myoepithelial cells between the secretory cells and the basal lamina [l,2] . It is well known that sweat secretion is elicited by stimulation of the sympathetic (sudomotor) nerve innervating the sweat glands, whose fibers unusually contain acetylcholine rather than norepinephline, a transmitter for other symphathetic synapses [3] . To induce functional sweating, it is thought that wellorganized differentiation and maintenance of the differentiated morphological features of the sweat gland dopaminergic neurons in cultures [4] . Although the reported neurotrophic effects of GDNF have included promotion of a wide variety of neurons including motor [5] and sensory neurons [6, 7] , it has also been attracted as a molecule found not only in nervous tissue but also in non-neural organs including developing skin [8, 9] . Disruption of the GDNF gene in mice induces abnormal kidney development as well as lack of enteric nervous system [10-12] and more recently it was reported that GDNF appears to be essential for cytodifferentiation in normal tooth development [131. However, there have been no reports on the role of GDNF in sweat glands. In the present study, the precise localization of GDNF and its functional receptor in rat eccrine sweat gland were investigated using light-and electron-microscopy.
MATERIALS AND METHODS

Animal surgery
Six adult Wistar rats (200-400 g) were used in this study. The experimental procedure and maintenance of animals were carried out in accordance with the "Guide for Animal Experimentation, Kurume University and Kurume University School of Medicine": All surgeries were performed under anesthesia with a combination of diethyl ether and ketamine hydrochloride (100 mg/kg). (HITACHI H-7000).
RESULTS
Coiled or convoluted secretory sweat gland terminals were found in the dermal fat tissue in the rat hind paw (Fig. id , e, f). Specific immunoreactivities for GDNF and Ret antibodies were observed in the secretory part of the rat sweat glands by immunohistochemical observations (Fig. la, b ). Ret immunoreactivity was observed in the excretory duct of the sweat gland ( Fig. 1 b arrow) as well as the secretory terminal, but no strong GDNF immunoreactivity was observed in the excretory duct ( Fig. la arrow) .
There were some differences in cellular distribution of the GDNF and Ret immunoreactivities in the sweat glands. PGP9.5 and a-smooth muscle actin were immunohistochemically examined in serial sections adjacent to GDNF or Ret immunoreacted slides to delineate the nerve bundles and myoepithelial cells in the sweat glands (Fig. 2) . Many nerve fibers that may innervate the sweat glands were demonstrated by immunohistochemistry against the PGP9.5 antibody. These immunoreactivities showed that the most of the nerve fibers run in the stroma between the coiled secretory portions of the gland (Fig. 2a, d) . The a-smooth muscle actin immunoreactivities illustrated the myoepithelial cell distribution in the epithelium of the secretory portion of the sweat glands (Fig. 2c, f) . Localization of the GDNF immunoreactivities closely matched the myoepithelial cell distribution (Fig. 2b, c) . On the other hand, Ret-immunoreactivities seemed to be located in the secretory epithelial cells rather than the myoepithelial cells. Additionally, a few fine and fiber-like GDNF-immunoreactivities were observed in the stroma (Fig. 2a arrow) . This implies that a small number of the nerves innervating the sweat gland may contain GDNF immunoreactive fibers. However, no Ret immunoreactive nerve fibers were observed in this experiment.
Nerve bundles in the dermis of the hind paw contained a small number of GDNF immunoreactive fibers. Furthermore, some of these GDNF immunoreactive fibers were localized around blood vessels (Fig. 3) . Ret immunoreactive nerve fibers were not observed in these areas, as shown in Fig. 3 . The secretory portion of the gland was examined by conventional and pre-embedding immunohistochemical methods using a transmission electron microscope. The secretory portion of the gland was composed of secretory epithelial cells and myoepithelial cells. The tubular-structured epithelium of the secretory portion was enveloped by a thin basal lamina. A sheath of fibroblasts surrounded the tubules (Fig. 4a) . Capillaries and fascicles of unmyelinated nerve fibers passed through the connective tissue, outside of the fibroblast sheath. We did not observe any fibers penetrating the fibroblast sheath and reaching the secretory epithelium. The myoepithelial cells were found between the basal lamina and the bases of the secretory cells. Many hemidesmosomes and caveolae were observed on the basal side of the plasma membrane of the myoepithelial cells. On the other hand, in the upper regions of the plasma membrane, which face the secretory cells, the number of the caveolae was reduced, and a few desmosomes connecting myoepithelial cells to secretory cells were observed (Fig. 4c) . Regarding the secretory cells, some caveolae were observed on the plasma membrane facing the myoepithelial cells (Fig. 4b arrow) . DAB immunoreactive products for anti-GDNF antibody were localized in the myoepithelial cell soma but not in secretory epithelial cells. These products were frequently associated with vesicle-like structures that were observed using the pre-embedding immunohistochemical electron microscopic method (Fig. 5b) , but it is difficult to clarify the subcellular localization of the reaction products in this method. In contrast to the GDNF immunoreactivity, Ret immunoreactive products were localized in the basal area of the secretory epithelial cells and were not frequently observed in the basal infoldings and the apical portion of the secretory cells. No Ret immunoreactive products were observed in any myoepithelial cells (Fig. 6) . . Both GDNF and Ret immunoreactivities were observed in the secretory coil of the sweat gland. Ret immunoreactivity was observed in an excretory duct of a sweat gland (arrow in b) as well as in the secretory portion, but no strong GDNF immunoreactivity was observed in the excretory duct (Fig. la arrow) secretory portion of the sweat gland and in nerve fibers in the dermal area which are thought to innervate the blood vessels and occasionally the sweat gland. Ret immunoreactivities, on the other hand, were localized in the basal region of the secretory cells of the rat eccrine sweat gland. Ret is a tyrosine kinase receptor for the GDNF family which initiates a signaling cascade activated by the ligand binding mediated by a member of the glycosyl phosphatidylanchored-a co-receptor (GFR-a) family [14] . GFRa 1, a GDNF specific glycosyl phosphatidyl-anchored co-receptor mediates the Ret-dependent and GDNFinduced signaling pathway. Therefore, co-localization with GFR-a 1 is essential to infer a role for GDNF in the sweat gland, but the present results suggest the possibility that the secretory cells of the rat eccrine sweat gland may respond to GDNF derived from the adjoining myoepithelial cells and/or the nerve terminals which innervate the gland.
It is well documented that the abundant postganglionic sympathetic fibers which innervate the sweat gland release acetylcoline rather than norepinephrin, and that cholinergic transmission is required for sweat secretion in adult rodents [15, 16] . The innervation of the sweat gland has also been studied by electron microscopy [17] [18] [19] [20] , but these studies have failed to reveal any close relationships between nerve fibers and other gland components. It has been reported that most of the nerve fibers which innervate the gland were located outside the fibroblast sheath of the secretory duct and that, in rare instances, the fibers penetrate between the fibroblast sheath and the secretory epithelium, but with no ultrastructural specialization of the nerve fibers or nearby cells [15, 17] . GDNF is considered to be a kind of cytokine that acts as a paracrine or autocrine secretion. In this respect, it is difficult to consider that GDNF released from the nerve terminal directly influences the Ret immunoreactive secretory cells in the secretory portion of gland in a paracrine mode. However, the possibility can not be excluded that neural-derived GDNF influences the secretory epithelium even if there is no direct contact between the nerve terminals and the secretory cells in the sweat gland. During the early stage of sweat gland development, the nerve fibers innervating the sweat glands are catecholaminergic but not cholinergic [15 ,16,21 ] and their phenotype switches from catecholaminergic to cholinergic as they develop. This switching is considered to be induced by a sweat gland-derived differentiation factor [22] [23] [24] . Several lines of evidence have suggested that this glandderived factor is a member of the leukemia inhibitory factor or ciliary neurotrophic factor (LIF/CNTF) family [21] , but the putative factor remains unknown. Additionally, it is reported that co-culture of sympathetic neurons with sweat glands induces the upregulation of LIF/CNTF signaling pathways [25] . The putative sweat gland-derived differentiation factor is considered to be released from the sweat gland as a protein, and to affect to sympathetic nerve by humoral transmission. Therefore, it is possible to consider that the GDNF released from the nerve terminals affects the secretory epithelium in a similar fashion.
From a morphological point of view, however, GDNF in the myoepithelial cells may be a more likely source of the ligand for Ret in the secretory terminal cells. The ultrastructure of the secretory portions of the rat sweat glands have been reported to consist of a single type of secretory cells and myoepithelial cells [1, 2] . The myoepithelial cells of the sweat gland are arranged along the tubules of the secretory epithelium in a loose spiral orientation, and their apical surfaces directly face the secretory cells. It has been suggested that the function of the myoepithelial cells is to provide structural support, because the luminal hydrostatic pressure of the secretory epithelium rises to as much as 500 mmHg during sweating [26] . Therefore, cell organization and coordination of action between myoepithelial cells (contraction) and secretory cells (secretion) are required for functional sweating. In order to maintain and organize these structural and functional relationships in the secretory epithelium, it is reasonable to consider that some intercellular communications between myoepithelial cells and secretory cells are required. However, the mechanisms of such intercellular communication have not yet been studied. The present immunohistochemical electron microscopic study showed that the GNDF and Ret immunoreactivities are localized on opposite sides of a narrow intercellular space. GDNF has been isolated as a neurotrophic factor for midbrain dopaminergic neurons, but the prominent expression of GDNF not only in the nervous system but also in the metanephric kidney and the gastrointestinal tract during mammalian development [8,9], had suggested a possible role of GDNF in organogenesis. Indeed, GDNF gene knockout mouse has revealed that this factor is responsible for normal development of kidney and enteric neurons [10] [11] [12] , and recently, participation of GDNF in normal dental cytodifferentiation was reported 111 31. On the other hand, it is well known that Ret, which was identified as a protooncogene, is involved in non-neural organogenesis. Ret is a receptor tyrosine kinase which functions as the signal transducing receptor for the GDNF family of ligands including GDNF, neurturin, persephin, and artemin [32] . Mutations in the Ret gene were implicated in Hirschsprung disease, multiple endocrine neoplasia type II, and thyroid carcinomas. Therefore, it is reasonable to suppose that GDNF is involved in the cell differentiation and organization of the sweat gland. It was hoped that the GDNF gene knockout mouse would provide an ideal experimental model to study the role of GNDF and Ret in sweat glands, however, this turned out to be impossible because the GDNF null mouse dies in the neonatal period [11] before the rat sweat gland has developed [19] . Although elucidation of the role of GNDF and Ret in the sweat gland will require further study, the above-mentioned possibility that myoepithelial cells containing GDNF act as a target-derived tropic factor for the Ret in the secretory cells may provide the first indication of intercellular communication between myoepithelial and secretory cells.
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